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Introduction
Stable isotope studies have been used since the 1930s to constrain fluxes and processes taking place at the surface of the Earth. Mass-dependent processes such as thermodynamic equilibria lead to a quasi-linear relationship between oxygen isotope ratios in oxygen bearing compounds: δ 17 O≃0.52δ 18 O, with the isotopic content reported as enrichments with respect to a reference material: δ=(R sample /R SMOW −1) where R is the 17 (Baertschi, 1976; Li et al., 1988) . Thiemens and Heidenreich III (1983) discovered that mass-independent fractionation (MIF) occurred when ozone was produced from molecular oxygen. The resulting isotope anomaly measured in atmospheric ozone (Krankowsky et al., 1995; Johnston and Thiemens, 1997; Mauersberger et al., 2001) can be quantified as a deviation from the mass-dependent fractionation line as follows:
17 O=δ 17 O−0.52×δ 18 O. The isotope anomaly of ozone is transmitted through chemical reactions in the atmosphere to other oxygen bearing compounds (Thiemens, 2006) . Michalski et al. (2003) showed that simple kinetics boxmodeling could reproduce the temporal evolution of the isotope anomaly measured in particulate nitrate in a polluted marine boundary layer. Here we present the coupled evolution of 17 O(NO − 3 ) and ozone mixing ratio at Alert, Nunavut (82 • 30 ′ N, 62 • 19 ′ W) during the polar sunrise period in spring 2004. At Alert, like everywhere else in the coastal Arctic, surface ozone is subject to severe depletion events (ODEs) in springtime (Bottenheim et al., 1986) , during which the ozone mixing ratio can decrease from around 40 parts-per-billion in volume (nmol mol −1 ), its mean background level, to values below the detection limit, and remain at this level for several hours to several days . Ozone depletion is due to catalytic cycles involving ocean-originating halogen oxides and radicals such as BrO (Hönninger and Platt, 2002) but the understanding of the processes governing the release of such compounds from the surface is still a subject of debate (Domine and Shepson, 2002) .
To the best of our knowledge, we report the first measurements of 17 O of atmospheric nitrate in the coastal Arctic, thereby expanding the global coverage of measurements of this variable. Permanent sunshine, sea-ice proximity and the associated halogen chemistry responsible for ODEs call Published by Copernicus GmbH on behalf of the European Geosciences Union.
for a detailed assessment of the mechanisms leading to the production of atmospheric nitrate in these peculiar environmental conditions, in order to interpret the variations in the 17 O(NO − 3 ) record.
Experimental

Measurement site and sample collection
Measurements and sample collection were performed at the Global Atmospheric Watch (GAW) observatory and at the Special Studies Trailer (SST) which are located on a plateau, 190 m above sea level and 6 km to the south-southwest of Canadian Forces Station Alert, the main base at the coast of Northern Ellesmere Island, from 29 March 2004 until 18 May 2004. Surface ozone was measured at the SST site with a UV absorption instrument (model TEI 49-C, Thermo Environmental Instruments, Inc., Franklin MA, USA), calibrated against standards traceable to the National Institute of Standards and Technology (NIST). Measurements with this instrument were terminated on 4 May 2004. In order to analyze ozone measurements during the entire period of isotopic measurements, the gap between 4 and 18 May 2004 was filled by using the raw (uncalibrated) ozone GAW dataset, and recalibrating using a linear regression against the SST ozone dataset over the overlapping period of measurements. The time resolution for ozone measurements is 30 min.
Aerosol samples were collected on cellulose acetate filters (Whatman 41) on a semi-weekly basis using a high volume aerosol sampler operated by Environment Canada since 1980 (see e.g. Sirois and Barrie (1999) for details on sampling procedures). Each of the 14 samples was collected over a period of 3 or 4 days.
Chemical composition analysis
First, ionic species trapped on the filter were dissolved in 40 ml of ultra-pure water (Millipore). 100 µl aliquots were analyzed for major anions (Cl − , Br − , NO − 3 and SO 2− 4 ) and cations (Na + , Ca 2+ , Mg 2+ , K + and NH + 4 ) using the ionchromatography system described in Jaffrezo et al. (1998) . Four field blanks were performed to assess the contribution of possible contaminations induced by the manipulation of filters and by the filters themselves because Whatman 41 filters were questioned regarding their initial content in some trace elements (Watts et al., 1987) . Field blank samples were obtained by loading clean filters in the sampler, keeping them there for 5 min and packing them exactly like the actual samples. The contamination term was estimated by dividing the measured amount of species by the typical volume pumped through regular filters (ca. 10 000 m 3 ).
For the samples presented here, the blank contribution, integrating all possible sources of contaminations, represents less than 4% for all the measured cations. The contribution of contamination to the total measured NO − 3 , SO 2− 4 and Br − is less than 1%. Only Cl − measurements are affected by a 10% blank effect. The collection efficiency of this sampling device has been estimated to be >95% by Sirois and Barrie (1999) , based on previous work by Watts et al. (1987) .
Existing literature on the collection of atmospheric inorganic nitrate by means of high volume sampling on a variety of media show that none is devoid of sampling artefact (e.g. Schaap et al., 2002) . The use of cellulose acetate filters leads to the quantitative collection of both particulate nitrate (p−NO − 3 , in the form of ammonium nitrate and other nitrate salts) and gaseous nitric acid (HNO 3 ), the sum of which being referred to as total inorganic nitrate (TIN, Bottenheim et al., 1993 
Isotopic analysis
The isotopic analysis was performed using the method developed by Michalski et al. (2002) . Chloride and sulphate were precipitated out of the samples, using BaCl 2 for SO 2− 4 and subsequent removal of chloride using an Ag-form ionexchange resin (AG 50W-X8 200-400 Mesh size, Bio-Rad, Hercules CA, USA). Nitrate was then isolated by Dionex ion chromatography and converted to silver nitrate using an ion exchange column (Dionex AMMS III, 4 mm) where the usual regenerant was replaced by Ag 2 SO 4 (2.5 mmol l −1 ). The triple isotope composition of oxygen in AgNO 3 was determined by thermal decomposition at 550 • C in a vacuum line and analysis on an isotope ratio mass-spectrometer (Dual Inlet IRMS, Finnigan MAT 253) . All the analytical steps were simultaneously performed on nitrate standards (International Atomic Energy Agency USGS 34 and USGS 35, with 17 O=-0.1 ‰ for USGS 34 and 21.6 ‰ for USGS 35, Böhlke et al., 2003) . A correction of the raw 17 O values was performed in order to remove the effect of the contamination from the formation of silver oxide at the surface of the silver capsules used for the thermal decomposition of AgNO 3 (Michalski et al., 2002) . This contamination was estimated to be on the order of (0.16±0.05) µmol of ambient O 2 ( 17 O(O 2 )=-0.3 ‰, Barkan and Luz, 2005) , to be compared with the size range of our samples (between 1 and 2 µmol of O 2 after the decomposition). A mass balance equation was used to correct each measured value for this contamination effect.
Uncertainties on the 17 O(NO 
This definition for 17 O has been extensively used for nitrate oxygen isotopes (Michalski et al., 2002 (Michalski et al., , 2003 Alexander et al., 2004; McCabe et al., 2005; Savarino et al., 2006) . It has the advantage over alternative forms (e.g. Miller, 2002; Böhlke et al., 2003; Kaiser et al., 2004; Zahn et al., 2006 ) that mass-balance calculations can algebraically be easily derived (Kaiser et al., 2004) . In addition, for nitrate, generally characterized by elevated (>20 ‰) isotope anomalies in atmospheric contexts, the choice for the mathematical expression of 17 O is not as crucial as for slightly anomalous species (e.g. N 2 O), for which the linear definition may be responsible for inaccuracies and interpretation errors, as pointed out by Kaiser et al. (2004) . The difference between 17 O values calculated with two different definitions generally lies within less than 1 ‰ for atmospheric nitrate samples.
Results
We present the data acquired in Alert, Nunavut, between 29 March 2004 and 18 May 2004. They mainly consist of meteorological observations (temperature and precipitations), ozone mixing ratios, aerosol inorganic composition and the triple isotopic composition of oxygen in inorganic nitrate.
Meteorology
During the course of the measurement campaign, sunlight was permanent. The mean daily temperature ranged between −30 and −10 • C, gradually increasing over the measurement campaign. Cumulative precipitation (snow) was 22 mm during this period, with only one major (>8 mm) snowfall occurring on 12 April 2004. Weather conditions were most of the time calm and clear. The barometric pressure ranged between 999 and 1042 hPa over the course of the measurement campaign.
Ozone
The ozone mixing ratio was highly variable during this period, and its time series features several drastic drops, commonly referred to as ozone depletion events (ODEs) which are ubiquitously observed in coastal polar regions (see the high-resolution time series on Fig. 3 ) . To quantify its link with the other variables, the ozone mixing ratio was averaged over each sampling period (i.e. 3-4 days). The minimum averaged ozone mixing ratio was (5.2±1.9) nmol mol −1 .
Particulate bromide and BrO
The Fig. 1 shows the coupled evolution of the ozone mixing ratio and the particulate bromide content. Particulate bromide (Br − ) ranged between 2 and 20 ng m −3 . Elevated Br − levels (>10 ng m −3 ) were associated in two cases with ozone depleted air masses, which is consistent with the first observations at Alert . Particulate bromide originates from the conversion of BrO x (≡ Br + BrO) and is indicative of the intensity of the halogen-mediated ODE chemistry. However, as evidenced by Lehrer et al. (1997) and Evans et al. (2003) , inferring BrO mixing ratio from Br − is only possible for limited periods of times.
Unfortunately no continuous record of BrO is currently available for the spring 2004 period at Alert, but on some occurrences the mixing ratio of BrO could be derived from Multi-Axis Differential Optical Absorption Spectroscopy (MAX-DOAS) measurements carried out at Alert or in its vicinity. Morin et al. (2005) have shown that on 22-23 April 2004, BrO ranged between 1-3 pmol mol −1 ("normal" . Each backtrajectory is a mean of all the backtrajectories starting from Alert every 6 h during the collection period (about 3-4 days) of each aerosol sample (for a total of 12 samples). This provides an indication of the origin and history of air masses contributing to a given aerosol sample. The filled circles represent the position of the air masses every 2 days. The circles and lines are color-coded according to the particle bromide concentration measured in each sample (in ng m −3 ). Note that most samples with enhanced bromide concentration are associated with trajectories originating from the Siberian side of the Arctic basin or to rather motionless air masses, sitting over the Arctic Ocean. Such areas are believed to be key locations for the bromine heterogeneous chemistry involved in Arctic surface ozone depletion events. ozone) and 10 pmol mol −1 (strong ODE). This is in line with measurements presented by Hönninger et al. (2004) , carried out in the vicinity of Alert in spring 2004. Overall, there seems to be evidence that, even during the strongest ODEs, BrO never reached values significantly above 10 pmol mol −1 in spring 2004.
Moreover, we could make use of the inverse correlation between the mixing ratios of BrO and ozone, presented by Hönninger and Platt (2002) . However, the data obtained by Hönninger and Platt (2002) at Alert show that BrO levels rise over 5 pmol mol −1 only when ozone mixing ratios drop below the threshold of 5 nmol mol −1 . For moderate levels of ozone (> 5 nmol mol −1 ), the mixing ratio of BrO is more or less constant and fluctuates around 2 pmol mol −1 .
Origin of air masses
Following the approach of Bottenheim and Chan (2006) and previous trajectory studies, 6-days backtrajectories (Stohl et al., 1995; Stohl and Seibert, 1998; Stohl, 1998) starting at Alert during the sampling period (March-April 2004) were used to identify the origin and history of air masses. The meteorological data used for trajectory calculations originates from the European Centre for Medium Range Weather Forcasts (ECMWF). The spatial resolution is T106, which corresponds to a latitude/longitude resolution of 1.125 • ×1.125 • , the temporal resolution is 6 h and 60 levels are available in the vertical direction. It is worth pointing out that trajectories for surface sites calculated from large-scale meteorological analyses are certainly far from being very accurate. Although their usefulness is limited for specific and small-scale events, they can nonetheless provide relevant information on the gross features when large numbers of trajectories are considered. Each backtrajectory represented in Fig. 2 is a mean of all the backtrajectories starting from Alert at 500 m altitude every 6 h during the collection period (about 3-4 days) of each sample. The method to calculate the mean of N backtrajectories is the following: each mean position is calculated as the mean of the N positions, i.e mean of N longitude and latitude. Note that the mean calculated here using polar coordinates is not the actual mean in a cartesian grid, but this does not have major repercussions in this case because the spread of trajectories for any given sample is small. The trajectories calculated here provide an indication of the mean origin and history of air masses contributing to a given aerosol sample. Backtrajectories starting at 1 km altitude (not shown here) were also considered but the overall features were similar. Each mean trajectory (corresponding to an aerosol sample) is color-coded in Fig. 2 according to its particulate bromide content, which is indicative of the activity of the heterogeneous bromine chemistry responsible for ODEs.
The conclusions that can be drawn from the analysis of the Fig. 2 are in line with other studies discussing the origin of ozone depleted air masses (e.g. Hopper et al., 1998; Morin et al., 2005; Zeng et al., 2006; Bottenheim and Chan, 2006, and references therein) . In most cases, drastic changes in the ozone mixing ratios observed at Alert at polar sunrise are related to the movement of air masses. During the course of our measurement campaign, most air masses depleted in ozone were advected at low altitude above the ice pack over the Arctic Ocean region before reaching the coastal sites.
Inorganic chemical composition of the samples
Our main focus being the analysis of the isotopic composition of TIN, we only present here a summary of our measurements of inorganic chemical composition of aerosols. Extensive reviews of the composition of inorganic aerosols observed at Alert can be found elsewhere (e.g. Sirois and Barrie, 1999) .
The relative composition of aerosol in terms of inorganic anions was found to be invariant with time during April and May, but the total amount varied strongly. NO ratio in sea salt of 0.0603 (Holland, 1978) , the calculated non-sea salt sulphate component (nss−SO 2− 4 ) is found to account for more than 99% of the sulphate concentration. Aerosols collected during this study represent a mixture of sulphuric acid droplets and sea salt particles, on which inorganic nitrate is adsorbed (Sirois and Barrie, 1999) .
We see no noticeable correlation between the concentration of inorganic nitrate and the origin of air masses (data not shown). Based on nitrate concentrations only, it is virtually impossible to estimate the different sources of particulate nitrate, because alkylnitrate, peroxyalkylnitrates (PANs) and other organic nitrate dominate the budget of nitrate in the Arctic. Thus, the variability in particulate nitrate concentrations does not provide any insight into the budget of nitrate (Sirois and Barrie, 1999 ).
Triple isotope composition of oxygen in atmospheric inorganic nitrate
In (29.7±0.7), with R 2 =0.70 (n=12), showing that a strong link exists between these two variables (see Fig. 4 ).
Ozone, nitrogen oxides and bromine oxides chemistry in the springtime Arctic troposphere
The isotope anomaly of ozone is transferred to the precursors of nitrate in various proportions depending on the reaction pathway. Identifying and quantifying the relative magnitude of each of them, and their possible variations, are key towards understanding the origin for the isotope anomaly measured in TIN and its temporal variations (Michalski et al., 2003) . First of all, we briefly recall the basic tropospheric chemistry of ozone and nitrogen oxides, and classical pathways leading to the formation of nitrate. Then, we detail the key processes responsible for the depletion of ozone in the Arctic troposphere. Finally, we show how ODE-related processes could affect the budget of nitrogen oxides and the formation of nitrate.
Basic tropospheric chemistry of ozone and nitrogen oxides
In most of the troposphere, nitrate is known to be formed from the oxidation of nitrogen oxides (e.g. Finlayson-Pitts and Pitts, 2000):
-nitrogen oxides (NO x ) are primarily recycled through the following photochemical cycle : where RO 2 represents all peroxy and alkyl-peroxy radicals.
-NO 2 is converted into atmospheric nitric acid and particulate nitrate through one of the following main reaction pathways :
The recycling of nitrogen oxides occur on time scales of minutes (lifetime of NO 2 with respect to photolysis) and the conversion into nitric acid occurs on time scales of a day typically.
Bromine oxide (BrO x ) chemistry and ozone depletion events
It is now well established that bromine is the key radical responsible for tropospheric ozone depletion in the Arctic . Bromine originates from sea-salt. The exact location where bromide is activated into radical forms, that can destroy ozone, is still a subject of intense research (Domine and Shepson, 2002; Sander et al., 2006 ). The night-time chemistry channels are mentioned for completeness (2 dots 3 dashes-arrows). Note that these channels are suppressed in the case of this study, since sunlight was permanent during the sampling campaign. Major reactions involved in anomalous oxygen transfer (for day-light reactions only) are highlighted using thicker arrow. Processes responsible for the release and the cycling of BrO are simplified (modified after Hönninger and Bottenheim, 2003) .
Sea-salt aerosols (Fan and Jacob, 1992) , but also the seasonal snowpack (Tang and McConnell, 1996; Sander et al., 1997; Michalowski et al., 2000) should be the predominant sources of bromine in the atmosphere.
BrO is produced by reaction of Br with ozone, and plays an important role in the ozone destruction catalytic cycle (Platt and Hönninger, 2003) :
BrO can either self-react to return Br 2 and O 2 , or react with HO 2 to form HOBr and O 2 . Both Br 2 and HOBr are photolabile, so that they are easily photolyzed into Br and OH. In acidic conditions, HOBr may also activate condensed-phase bromide through the reaction :
The catalytic cycles of BrO x in both the gas phase and the condensed phase are responsible for the so-called "bromine explosion" (Platt and Janssen, 1996) which results in a fast and efficient removal of ozone within the Arctic boundary layer. In these conditions, elevated levels of BrO were measured (Hönninger and Platt, 2002) , with peak values as high as 30 pmol mol −1 during a strong ODE near Alert in spring 2000.
In what follows, we neglect Cl chemistry, since Br is by far the most active halogen during ODEs (Hönninger and Platt, 2002) . However, taking into account Cl would be crucial for stratospheric studies where chlorine chemistry dominates over bromine chemistry.
HO x −NO x −BrO x interactions and nitrate production
In the conditions of the Arctic springtime, the basic chemistry of ozone and nitrogen oxides, presented above, is profoundly modified. Here we briefly review some elements of the HO x −NO x −BrO x interactions with a focus on the atmospheric conditions relevant to our sampling campaign.
Sources of HO x and NO x
To the best of our knowledge, the HO x speciation (i.e. the OH/HO 2 partitioning) in the Arctic troposphere in springtime has never been measured directly. Therefore the HO x budget relies only on modeling calculations, which do not always include up-to-date chemical mechanisms and processes. It appears that the five dominant sources of HO x are the photolysis of HCHO, ozone, HOBr and HONO, and the reaction between HCHO and Br (Evans et al., 2003; Lehrer et al., 2004) . HCHO and HONO are emitted by the seasonal snowpack (Sumner and Shepson, 1999; Zhou et al., 2001) . The relative magnitude of these pathways depend on actinic fluxes and levels of reactants for the photolytic sources, and on the intensity of the bromine chemistry for the last one. Overall, there is a large degree of interconversion between the HO x family and BrO x , mainly through HOBr. This species acts as a short-lived reservoir species for both families (Evans et al., 2003) . NO x sources in the Arctic include global NO x sources (long range transport (in the form of PAN) from the industrialized mid-latitude countries, lightning, soil emissions) but also a significant local component, namely snowpack emissions (Beine et al., 2002) . These emissions, driven by sunlight and temperature-dependent equilibria, sustain the photochemical cycles involving NO x when the NO x pool originating from "classical" sources is exhausted for various reasons, including rapid oxidation into inorganic nitrate due to Arctic specific processes (Evans et al., 2003, see below) .
Oxidation of NO by BrO
The reaction BrO + NO → NO 2 + Br competes with reactions (R3) and (R4), in terms of NO oxidation. Indeed, when comparing the oxidation rates of NO by BrO and O 3 (Atkinson et al., June 2006 version) for the conditions of the Arctic boundary layer (temperatures ranging between 236 and 269 K), one finds that 1 pmol mol −1 BrO has the same oxidizing power as 2-4 nmol mol −1 O 3 in oxidizing NO. This is of particular significance during ODEs, when the ozone mixing ratio drops to a few nmol mol −1 and BrO levels can sometimes reach over 10 pmol mol −1 .
Additional nitrate formation pathways
In addition to the general overview given in Sect. 4.1 with regards to the formation of nitrate, two more processes are to be considered in the Arctic troposphere in springtime :
1. HNO 4 heterogeneous chemistry HNO 4 is a NO x reservoir species formed by reaction of NO 2 with HO 2 , which is thermally relatively stable in the temperature range expected in the Arctic troposphere in springtime. In the aqueous phase, it reacts with a variety of compounds (HSO − 3 , HNO 2 , Cl − , Br − and I − ) to form nitrate (Evans et al., 2003, and references therein) . In Arctic conditions outside of the ODEs period, Evans et al. (2003) modeled this pathway to account for up to 40% of the NO x sink, hence the nitrate production.
BrONO 2 hydrolysis
When halogen radicals are present in the Arctic troposphere, an increasing body of evidence points towards the BrONO 2 hydrolysis as a major source of nitrate, through the heterogeneous reaction (Hanson et al., 1996; Sander et al., 1999) :
The role of BrONO 2 has been mainly investigated for its important role in recycling Br during ODEs (Fan and Jacob, 1992) . Its concomitant impact on nitrate formation has not attracted the same attention until recently. In a modeling effort mostly focused on gas-phase mechanisms, Calvert and Lindberg (2003) showed that BrONO 2 would be the most abundant Ncontaining species in the Arctic boundary layer. A more comprehensive study by Evans et al. (2003) shows that during ODEs the formation and hydrolysis of BrONO 2 could be responsible for the exhaustion of NO x , that was observed by Beine et al. (1997) .
Isotopic signatures of processes and species
To infer 17 O of nitrate from the atmospheric chemistry considerations presented above, it is necessary to know the isotopic composition of its precursors, and the rate of transfer of the isotope anomaly through the relevant oxidation pathways. In this approach, the most important variable is the isotopic composition of ozone because it is the overwhelmingly predominant source of isotope anomaly in the troposphere (Thiemens, 2006) .
17 O in bulk ozone
Unfortunately, no systematic measurement of 17 O(O 3 ) in the troposphere has ever been undertaken, despite the intense research effort devoted to the study of isotope anomalies in a wide range of species (e.g. nitrate, sulphate), all of which gain a substantial part of their isotope anomaly from reactions between their precursors and ozone. To the best of our knowledge, only two studies report triple isotopic measurements of ozone in the troposphere (Johnston and Thiemens, 1997; Krankowsky et al., 1995) . Krankowsky et al. (1995) sampled air at an unidentified urban site (near Heidelberg, Germany, according to Brenninkmeijer et al. (2003) ), and Johnston and Thiemens (1997) carried out three field studies in various environments: urban extremely polluted (Pasadena, California, USA), polluted marine boundary layer (La Jolla, California, USA) and remote desertic (White Sand Missile Range, New Mexico, USA). In order to compare the data published by Krankowsky et al. (1995) and Johnston and Thiemens (1997), we digitized the three-isotope plots from Krankowsky et al. (1995) Firstly, the considerable scatter in the data produced so far (Krankowsky et al., 1995; Johnston and Thiemens, 1997) might originate from random errors and hence may not be representative of real variations in 17 O(O 3 ), as pointed out by Brenninkmeijer et al. (2003) . This approach is substantiated by the averaging method used by these authors : indeed, when merging the three datasets of Johnston and Thiemens (1997) Tuzson (2005) ) against the temperature at which ozone was formed during their laboratory experiments yields : 17 O(O 3 )/‰= (0.08±0.02) T/K + (15±5) (R 2 = 0.8, n=6). Therefore 17 O variations of 10 ‰ would require temperature changes on the order of over 100 K. It is therefore unlikely that temperature differences are the driving factor behind the differences in 17 O among the different sampling sites. Furthermore, Krankowsky et al. (1995) explicitly stated that the variations in 17 O(O 3 ) were not correlated with temperature changes.
However, in light of the measurements of Johnston and Thiemens (1997) , it could be argued that another process accounting for the variability in 17 O(O 3 ) has been left out. Indeed, while average values differ markedly from one site to another (see above), it should also be noted that, when plotted in a three-isotope plot, the data from the three sites shown by Johnston and Thiemens (1997) do align on lines featuring different slopes. Johnston and Thiemens (1997) proposed this as a proof that different ozone decomposition pathways induced different triple isotope effects. On the contrary, Brenninkmeijer et al. (2003) consider this as an additionnal reason to question the robustness of the data presented by Johnston and Thiemens (1997) . Hence there is no consensus on the tropospheric value of 17 O(O 3 ) and the causes for its variations.
Even if the existence of the isotope anomaly in tropospheric ozone is not questioned here, it is particularly use- Zahn et al. (2006) . Such an approach significantly hampers the strength of the conclusions reached in these studies. However, using a constant value for 17 O(O 3 ) at a given site throughout the year allowed for a detailed analysis of the seasonal trends in 17 O of atmospheric nitrate, that were successfully attributed to changes in its formation pathways (Michalski et al., 2003) .
In what follows, we assume a constant 17 O(O 3 ) value throughout our sampling campaign. Neverthless, to reduce the weakness of a reasoning based upon a single value for 17 O(O 3 ), which might not be representative of the isotopic composition of ozone in the Arctic troposphere, we use a range of 17 O(O 3 ) values, spanning between 25 and 35 ‰.
The intra-molecular distribution of 17 O in ozone
It is known that the intramolecular distribution of heavy oxygen atoms in the molecule of ozone differs from a stochastically expected distribution (Janssen, 2005) . The asymmetric isotopologues of ozone are enriched in heavy oxygen isotopes with respect to bulk ozone, thus the terminal atoms of the molecule carry a higher load of heavy isotopes. Lyons (2001) was the first to compute the implications of this observation in terms of 17 O, extrapolating to 49 isotopologues formation (namely 50 O 3 and 48 O 3 ) published by Janssen et al. (1999) . In the lower troposphere, taking 17 O(O 3 )= 35 ‰, he proposed that the asymmetric ozone molecule could bear an anomaly on the order of 85 ‰. Recently, using updated kinetic rates and a more balanced approach, Zahn et al. (2006) proposed that the terminal atom in the ozone molecule should feature an anomaly on the order of 39 ‰ (for a mean isotope anomaly of 34 ‰, i.e. 17 O(O 3 , terminal)=1.2× 17 O (O 3 , bulk) ). For this study we take : 
17 O(BrO)
BrO is exclusively formed by reaction of bromine with ozone, thus it solely gains its isotope anomaly from this reaction. Theoretical considerations based on kinetic measurements (Toohey et al., 1988) and molecular crossed beam studies (Zhang et al., 1997) show that the reaction Br + O 3 → BrO + O 2 is direct, and that the Br atom most likely attacks a terminal ozone atom. Therefore, it is expected that, at steady state during ODEs, the isotope anomaly of BrO is the same as the anomaly of the terminal atom in ozone, i.e. 17 O(BrO)= 30, 36 and 42 ‰ for 17 O(O 3 ) = 25, 30 and 35 ‰, respectively. An experimental confirmation of this prediction is strongly needed, but it seems that BrO could carry the highest isotope anomaly in a chemically active molecule (other than ozone) in the troposphere. Given the increasing influence given to BrO in chemical mechanisms implemented in atmospheric models (e.g. Platt and Hönninger, 2003; von Glasow et al., 2004; Lary, 2005) , this potentially unique isotopic signature could represent a tool of choice to test these hypotheses.
17 O(RO 2 )
R represents H or any organic radical, so RO 2 represents the whole HO x −RO x radical family -with the notable expection of OH, in terms of kinetics and isotopic composition. In processes known to occur at mid-latitudes, peroxy radicals are derived from atmospheric O 2 (e.g. Finlayson-Pitts and Pitts, 2000) , so that Michalski et al. (2003) identified 17 O(RO 2 ) with that of atmospheric O 2 (-0.3 ‰, Barkan and Luz, 2005) . Given the large uncertainties stated above in terms of the ozone isotope composition and the observed range in the isotope anomaly in nitrate (> 20 ‰), such a low deviation from the terrestrial fractionation line is insignificant, and therefore a value of 17 O(RO 2 ) = 0 ‰ was chosen. Due to the high level of chemical interchange between the members of the HO x family (namely OH and HO 2 ), it could be expected that their photochemical equilibrium results in a similar isotope anomaly. However, from the analysis of the chemical mechanisms leading to the formation of HO 2 from OH we observe that for the main reaction channel (i.e. CO+OH → H+CO 2 , followed by H+O 2 → HO 2 ) the oxygen atoms incorporated in HO 2 derive from ambient molecular oxygen. To the best of our knowledge, in the Arctic troposphere only two processes could produce anomalous HO 2 , namely the reaction of OH with BrO and O 3 . However, the reaction of OH with CO dominates over each of them regardless the mixing ratios of the species in concern within their typical range : BrO (2-5 pmol mol −1 , Hönninger and Platt, 2002) , O 3 (1-50 nmol mol −1 ) and CO (150-160 nmol mol −1 , Evans et al., 2003 , D. Worthy, personal communication, 2006 . Therefore both channels leading to nonzero 17 O(HO 2 ) are negligible, as confirmed by the detailed analysis by Cantrell et al. (2003) . Therefore Atmos. Chem. Phys., 7, 1451-1469, 2007
www.atmos-chem-phys.net/7/1451/2007/ there is a strong isotopic decoupling within the HO x family. The final step of other channels leading to HO 2 (HCHO photolysis (Lehrer et al., 2004) , reaction of HCHO with Br (Evans et al., 2003) ) is always the reaction between H and ambient molecular oxygen. From all of these processes, even if there is no consensus on their relative magnitude by lack of specific measurements and detailed analysis, with a good level of confidence it can be assumed that 17 O(HO 2 )= 0 ‰. The same conclusion applies also for other members of the peroxy family (RO x ). Indeed, they are formed by reaction of a radical R with O 2 and therefore bear no significant isotope anomaly. The only modification induced by the presence of halogen atoms in the atmosphere occurs in the first step of the oxidation mechanism, during which not only OH but also halogen atoms abstract one hydrogen atom from hydrocarbon compounds (RH+X yields R+HX, where X represents Cl or Br). This has no implication on the isotopic composition of alkyl-peroxy, but significantly affects their chemical budget (Evans et al., 2003) . From this point on, we assume 17 O(RO 2 )= 0 ‰. There is evidence that 17 O(HO 2 ) is not strictly equal to zero, since rainwater H 2 O 2 -an important end-product of peroxy radicals -was measured to carry an isotope anomaly on the order of 0-2 ‰ (Savarino and Thiemens, 1999a) . However, such a value is not discernibly different from zero in the framework of our analysis.
17 O(OH)
Based on the above reasoning we assume that 17 O(RO 2 ) is approximately equal to 0 ‰. The case of OH is quite different, since several processes significantly contributing to the formation of OH are likely to transfer a non-zero isotope anomaly.
In the Arctic troposphere in springtime, net OH production proceeds through the reaction of O( 1 D) and H 2 O (following ozone photolysis), the reaction between HO 2 and NO or O 3 , and the direct photolysis of HONO and HOBr. Sheppard and Walker (1983) have shown that O( 1 D) produced by the photolysis of ozone was mostly (> 90 %) derived from a terminal oxygen atom. Under the assumption that the photolysis of ozone does not induce mass-independent fractionation, it is therefore expected that in OH produced through
). This yields 17 O(OH) ≃ 15, 18 and 21 ‰ for 17 O(O 3 ) = 25, 30 and 35 ‰, respectively. The reactions between ozone and HO 2 , and NO and HO 2 , do not result in a transfer of oxygen atom from ozone and NO to the produced OH, but rather an abstraction of one oxygen atom of HO 2 to form two O 2 molecules and NO 2 , respectively. Therefore in these cases 17 O(OH) = 17 O(HO 2 ) = 0 ‰. Evaluating the isotopic composition of HOBr is complicated by the fact that several reactions lead to its production. On one hand, from the reaction between BrO and HO 2 , one expects 17 O(HOBr) = 17 O(BrO). On the other hand, HOBr produced heterogeneously during the hydrolysis of BrONO 2 drawns its oxygen atom from the surrounding water, with no isotope anomaly (see Sect. 7.2.4). The balance between theses mechanisms controls 17 O(HOBr) and, hence, 17 O(OH) formed by its photolysis. The same complex picture applies for the photolysis of HONO, since the mechanism responsible for their release from the snowpack is far from being understood (Zhou et al., 2001; Beine et al., 2006) . The main precursor of HONO produced in the snowpack is atmospheric inorganic nitrate, whose isotope anomaly is known. However the fate of nitrate oxygen isotopes during its photolysis in the snowpack, and the subsequent release as NO x or HONO is currently unknown and should depend on the chemical composition of the snow (McCabe et al., 2005; Savarino et al., 2006) . Therefore we cannot estimate the 17 O value of the produced OH. Dubey et al. (1997) (Michalski et al., 2003) . Given the fact that H 2 O represents an enormous non-anomalous oxygen reservoir in the atmosphere with respect to OH, such a reaction tends to erase the isotope anomaly of OH. Regardless of the isotopic signature of the processes leading to the net production of OH radicals (which does not include the gross production from the interconversion between OH isotopologues via isotope equilibration with H 2 O), the degree of equilibration of the isotope anomaly of the produced OH can be determined by the competition between the isotopic equilibration reaction and the OH net sink reactions. In their study on atmospheric nitrate formation in California, Michalski et al. (2003) showed that the equilibration process was always faster than all OH net sinks, and therefore considered 17 O(OH) = 0 ‰. We denote 17 O(OH) prod.OH the isotope anomaly of the produced OH, and 17 O(OH) the isotope anomaly of OH at steady state. We denote L † the net chemical loss rate (net chemical loss term divided by the OH concentration) :
We denote x the fraction of the net loss with respect to the total loss (net + gross, that is the sum of isotopic exchange reaction term and the net chemical loss term) :
Assuming that all chemical sinks do not intrinsically induce mass-independent fractionation for OH, the isotope anomaly of OH at steady state is : = 0 ‰. On the contrary, if net chemical losses dominate over the isotopic equilibrium reaction, then 17 O(OH) = 17 O(OH) prod.OH . To assess the degree of suppression of the isotope anomaly acquired during the formation of OH, we compute the value of the x factor during our measurements campaign, using temperature, humidity, the mixing ratio of CO and CH 4 measured at Alert (D. Worthy, personal communication, 2006) and temperature dependent kinetic rates (Atkinson et al., June 2006 version; Dubey et al., 1997) . The absolute water vapor concentration was deduced from relative humidity and temperature measurements using Bolton (1980) , with P water in hPa and T in K). Similarly to the ozone mixing ratio measurements, the values for the x factor were averaged over each sampling period. The result of this calculation is shown on Fig. 7b ). Contrary to lower latitude locations where this factor is always negligibly small and leads to 17 O(OH) = 0 ‰ year-round (Michalski et al., 2003) , the x factor deviates significantly from zero during the measurement campaign. Polar regions are the only place where the troposphere is dry and cold enough to feature elevated values of the x factor. In this regard, the situation encountered here is similar to the OH isotopic budget of the stratosphere : indeed, the dryness and the low temperature prevailing in the stratosphere have led modelers to predict significant isotope anomalies in the stratosphere up to 40 ‰ according to Lyons (2001) , above 30 ‰ for Zahn et al. (2006) . Due to the increase of temperature and the concomitant increase of the water vapor content and to the high temperature dependency of the isotopic equilibrium (Dubey et al., 1997) , the x factor exhibits a marked decrease over the course of the measurement campaign, from values around 70 % at the beginning of the measurement campaign to values lower than 20 % at the end of the campaign. Therefore, if OH was produced with a significant isotope anomaly, this anomaly would be present at the beginning of the measurement campaign but would have largely disappeared toward the end of the campaign.
Implications for 17 O(NO 2 )
We now examine the competition between the three major NO oxidants identified in the Arctic troposphere in springtime (O 3 , RO 2 and BrO), in terms of kinetics and the subsequent influence on the isotopic composition of oxygen in NO 2 .
The reactions between NO and BrO or RO 2 are isotopically easy to account on a mass-balance perspective. BrO transfers all of its isotope anomaly to NO 2 because it simply transfers all of its oxygen content. RO 2 does not transfer any isotope anomaly to NO 2 since 17 O(RO 2 ) = 0 ‰. The case of the reaction between O 3 and NO is more complex. The rate of transfer of isotope anomaly during this reaction depends simultaneously on mechanistic and isotopic considerations. Indeeed, the position of the oxygen atoms among the ozone molecule determines both their isotopic composition and their probability of reaction with NO. Since little is known regarding both the chemical mechanism for this reaction and the intramolecular isotope distribution in ozone, contradictory parameterizations have been published so far in various modeling studies. For some authors (see e.g. Lyons, 2001; Zahn et al., 2006) , only the terminal atom of ozone reacts with NO to yield NO 2 , although there is mechanistic evidence that the central atom of ozone also reacts with NO (see e.g. van den Ende et al., 1982 , recently discussed by Savarino et al., 2006) . Consistent with Savarino et al. (2006) , in lack of a precise evaluation of the rate of transfer of the isotope anomaly of O 3 to NO 2 , we vary this rate of transfer from 0.8 to 1.2, i.e. at photochemical equilibrium with only NO x and ozone, 17 O(NO 2 ) = y × 17 O(O 3 ), with y = 1±0.2.
In the following part, we calculate steady-state abundance ratios for a given NO 2 isotopologue using the kinetic equations derived from the photochemical cycling of NO x and ozone, disturbed by peroxy radicals and bromine oxides. We neglect species containing more than one heavy O atom ( 
Assuming steady-state and adding Eqs. (3) and (4) From Eqs. (10) and (11) ). Therefore, the rest of the isotopic anomaly should be acquired during the conversion of NO 2 into nitrate.
Although the isotope anomaly of NO 2 can only explain about half of the average measured 17 O(NO − 3 ), it is still interesting to estimate its contribution to the temporal variability shown in Fig. 3 . Fig. 7a) Fig. 7a ). This indicates that the 20% uncertainty on the rate of transfer of the isotopic anomaly of O 3 to NO 2 (see Sect. 6) has relatively little impact on the variability of 17 O(NO 2 ). The overall results suggest that most of the variations in 17 O(NO − 3 ) can be explained by the variations in 17 O(NO 2 ), which in turn are driven by the evolution of the ozone mixing ratio. For the gas phase OH + NO 2 reaction, it is clear that, in the resulting nitrate, two oxygen atoms carry an isotopic signature corresponding to the parent NO 2 , and one carries the isotopic signature of OH (Michalski et al., 2003) 
Identification of the dominant pathways for nitrate formation
Only the NO 3 +hydrocarbons pathway and the BrONO 2 hydrolysis pathway appear to be able to generate nitrate with isotope anomaly values compatible with the measurements. However, the fact that nitrate produced through these pathways carries an elevated isotopic anomaly is not sufficient. In order to attribute the magnitude of measured 17 O(NO − 3 ) to these pathways, they also have to be the dominant pathways for nitrate formation. We therefore estimate and compare the chemical rates of the various pathways of nitrate formation in the context of ODEs in order to identify the dominant pathway.
Based on the fact that sunlight was permanent at the sampling site and in the Arctic basin during the whole campaign, we do not expect any significant levels of the night-time radical NO 3 to be present. Nonetheless, the analysis of the trajectories (Fig. 2) reveals that several air masses originate from locations further south where sunlight was not completely permanent. Some air masses could thus have experienced a bit of night-time conditions favorable to nitrate production via NO 3 channels at the beginning of their journey to the Alert. However, in this situation, the amount of nitrate produced would be minimal and, as this particulate nitrate would be produced at least several days before the air masses reach Alert, most of it would have been scavenged on the way and deposited south of Alert. Therefore, the pathways involving NO 3 are not considered to be a majour source of the nitrate sampled at Alert during our measurement campaign. This conclusion is supported by results from other studies. Michalski et al. [2003] found that the reaction between NO 3 and hydrocarbons (R7) did not account for more than 10% of the budget of nitrate in the context of a polluted marine boundary layer. In the Arctic, this proportion is expected to be much lower. Even if elevated NO 3 levels could be sustained in this environment, the competition with halogen atoms in terms of hydrocarbon oxidation would not be favorable to NO 3 , thus limiting the rate of formation of nitrate though this pathway. Regarding the channel involving N 2 O 5 hydrolysis, it seems clear from detailed model simulations supported by large-scale campaign measurements that this pathway is minor for the in-situ production of nitrate in the Arctic spring (Evans et al., 2003) .
We are now left with three pathways for nitrate formation. The first step of each of these pathways can be summarized as follow:
with X denoting Br, OH and H.
XONO 2 then undergoes hydrolysis to form NO − 3 . Sink reactions for XONO 2 are photolysis (J X ) and heterogeneous deposition whose efficiency is determined by an heterogeneous removal rate (k X ) (Ridley and Orlando, 2003) . At steady state, [XONO 2 ] is given by :
The production rate of inorganic nitrate (P XONO 2 ) for each channel is equal to k X × [XONO 2 ]. We therefore have :
Data found in the literature are used to estimate the relative importance of the different pathways. Temperaturedependent kinetic rates (k XO+NO 2 ) are taken from Atkinson et al. (June 2006 version) . Heterogeneous loss rates are taken from Ridley and Orlando (2003) , i.e. k X = 2 10 −6 , 1 10 −4 and 0.3 s −1 for X = H, OH and Br, respectively. Photolysis rates are calculated for the location of Alert on April 1 2004, at 12:00 UTC, using the TUV package (Madronich and Flocke, 1998) . A OH concentration of 1 10 6 cm −3 is chosen in order to derive the upper limit of the chemical rate of the OH + NO 2 reaction (Sumner and Shepson, 1999) . [HO 2 ] is taken equal to 1.5 10 8 cm −3 (Evans et al., 2003; Cantrell et al., 2003) , and a BrO mixing ratio of 2 pmol mol −1 , which is consistent with the rest of the study. Regardless of the temperature (in the range 240-270 K), we find that the OH + NO 2 pathway can account at best for up to 5% of the production of inorganic nitrate in this context. The hydrolysis of BrONO 2 and of HNO 4 are the two dominant sources of nitrate. This crude calculation does not allow us to identify the dominant pathway between these two mechanisms because their rates of nitrate production are of the same order of magnitude. However, the fact that only the BrONO 2 hydrolysis among these two pathways can produce 17 O(NO − 3 ) values, that are quantitatively consistent with the measurements (see Sect. 7.2), leads us to conclude that the hydrolysis of BrONO 2 is the major source of inorganic nitrate in the Arctic troposphere in springtime. This is in agreement with conclusions of recent modelling work by Evans et al. (2003) and Calvert and Lindberg (2003) .
It is noteworthy, however, that even if 100% of the nitrate was to be produced through the BrONO 2 channel, a good match with the measured data would only be obtained for 17 
Conclusions
In spring 2004, total inorganic nitrate was collected at Alert, Nunavut, and its triple isotopic composition was measured. It appears that the isotope anomaly of nitrate records a footprint of the tropospheric ozone depletion events that occur during spring in this environment.
We extended to polar environments the framework first proposed by Michalski et al. (2003) for deciphering the origin of the variations in 17 O(NO − 3 ) in the troposphere. We show that the correlation between 17 O(NO − 3 ) and the ozone mixing ratio during ODEs is likely to originate from variations in 17 O(NO 2 ) brought about by changes in the relative importance of the three oxidation channels of NO, namely, oxidation by O 3 , BrO and RO 2 . We also show that our results are consistent with the fact that the hydrolysis of BrONO 2 is the major pathway for nitrate formation in this environment, on top of being a key species in the BrO recycling, during ODEs (Fan and Jacob, 1992) . 17 O(NO − 3 ) is more likely to vary because of changes in the kinetics and relative importance of oxidation pathways than changes in 17 O(O 3 ) itself. However, this should be tested critically in the field. The community desperately needs reliable measurements of 17 O(O 3 ) in a variety of atmospheric environments to corroborate, or not, this hypothesis, which constitutes the backbone (and the Achilles' heel) of such an approach. There is also the need for detailed chemistrytransport modelling. Some of the calculations presented here are only first-order estimations. Therefore, it appears possible that new results in the fast-moving research front on isotope anomalies in atmospheric species could modify substantially the conclusions reached here in light of information available at the present time.
Finally, our results can be interpreted in terms of the reaction of the atmospheric chemical system to a change in its oxidative power. One possible indicator of the oxidative power of the atmosphere is the chemical lifetime of NO. Indeed, its main oxidants are ozone, HO x −RO x and halogen oxides, the three of them (along with H 2 O 2 ) being the most prominent atmospheric oxidants. We showed in this study that 17 O(NO − 3 ) was intricately coupled with the chemical lifetime of NO. For the conditions prevailing during this measurement campaign (BrO levels remaining rather low during ODEs, so no "bromine explosion"), the ozone mixing ratio drops were associated with a strong decrease in the oxidative power of the atmosphere. It has been suggested, in light of the first findings on the origin of the oxygen anomaly in nitrate, that the oxygen isotopic content of nitrate recorded in polar ice cores could be used as a proxy for past oxidative power, crucial to understanding of chemical feedbacks in the Earth climate system. The results of the present study make this idea appealing, even if the signature we recorded is associated with strong cases of ozone depletion. The sensitivity of 17 O(NO − 3 ) to changes in the ozone mixing ratio is rather low (slope of (0.15±0.03) ‰ / nmol mol −1 ) and may not be suitable to study moderate changes in the ozone mixing ratio at the global scale. In addition, post-depositionnal effects within the firn and in the ice have to be studied very carefully in order to interpret 17 O(NO − 3 ) records, and derive estimates of the past oxidant activity in the atmosphere (see the recent studies by Blunier et al., 2005 and McCabe et al., 2005) .
